The type I insulin-like growth factor receptor (IGF1R) regulates multiple aspects of malignancy and is the target of several drugs currently in clinical trials. Although the function of IGF1R in proliferation and survival is well studied, the regulation of metastasis by IGF1R is not as clearly delineated. Previous work showed that disruption of IGF1R signaling by overexpression of a dominantnegative IGF1R inhibited metastasis. To establish a clinically applicable approach to inhibition of metastasis by targeting IGF1R, we examined the effect of an inhibitory antibody against IGF1R, EM164 and its humanized version, AVE1642, on metastasis of cancer cells. EM164 and AVE1642 did not affect primary tumor growth of MDA-435A/LCC6 cells but inhibited metastasis of these cells. Consistent with this inhibition in the formation of metastatic nodules, disruption of IGF1R also resulted in a decreased number of circulating tumor cells in blood of tumor-bearing mice. Disruption of IGF1R with a dominant-negative construct or antibody inhibited invasion across Matrigel in vitro. When tumor cells were directly injected into the circulation through the lateral tail vein of mice, IGF1R disruption also resulted in significant reduction of pulmonary nodules, suggesting that regulation of invasion is not the only function of IGF1R signaling. Further, disruption of IGF1R rendered cells more susceptible to anoikis. Thus, IGF1R regulated metastasis independently of tumor growth. The multiple phenotypes regulated by IGF1R must be considered during development of this therapeutic strategy as inhibition of metastasis independent of inhibition of tumor growth is not easily assessed in phase II clinical trials.
Introduction
The type I insulin-like growth factor receptor (IGF1R) is important in tumor biology and is a new target for cancer therapy (Sachdev and Yee, 2007) . Abundant data from cell culture, animal and human epidemiological studies show that the ligands, insulin-like growth factors (IGFs), IGF-I and IGF-II, and IGF1R regulate growth, survival, metabolism and metastasis of cancer cells. Several antibodies and small molecule inhibitors of IGF1R have been developed (Burtrum et al., 2003; Maloney et al., 2003; Garcia-Echeverria et al., 2004; Cohen et al., 2005; Haluska et al., 2006; Wu et al., 2006) . Some of these antibodies are in phase I and II clinical trials in solid tumors, including CP-751871 (Haluska et al., 2007; Karp et al., 2007) , IMC-A12 (Higano et al., 2007; Rowinsky et al., 2007) and AVE1642 (Tolcher et al., 2008) . Even though these trials are underway, the effects of IGF1R signaling on the malignant phenotype are not completely delineated. A linkage of IGF1R-mediated phenotypes to specific pathways regulated by this receptor will enable us to better design trials.
The function of IGF1R in regulating tumor growth is well understood. Activation of IGF1R results in recruitment of adaptor proteins belonging to the insulin receptor substrate (IRS) family and IGF-stimulated phenotypes may be dependent on activation of specific adaptor protein species. Consistent with this notion, activation of IRS-1 has been linked to proliferation and apoptosis whereas activation of IRS-2 is believed to be linked to motility and metastasis. Liver-specific IGF-Ideficient mice created by the Cre/loxP recombination system have a 75% reduction in circulating levels of IGF-I compared with control mice (Yakar et al., 1999; Wu et al., 2003) and have decreased growth of both the primary colon tumors and hepatic metastases (Wu et al., 2002) . Several studies have also reported that inhibition of IGF1R inhibits not only xenograft growth but also metastasis of various tumor types (Dunn et al., 1998; Lopez and Hanahan, 2002; Reinmuth et al., 2002; Sachdev et al., 2004) . Dunn et al. (1998) have shown that a soluble truncated IGF1R inhibits metastasis of MDA-435 cancer cells. We have extended this finding using a C-terminally truncated dominant-negative IGF1R construct overexpressed in LCC6 cells, a metastatic variant of MDA-435 (Leonessa et al., 1996) . We found that cells expressing only the wild-type IGF1R (referred to as LCC6-WT cells) or overexpressing the C-terminally truncated receptor (LCC6-DN cells) form tumors in mice (Sachdev et al., 2004) . LCC6-WT cells form metastases in the lungs. In contrast, LCC6-DN cells form no lung metastases even though they grow as primary tumors (Sachdev et al., 2004) . Although LCC6 cells have long been considered to be estrogen receptor negative breast cancer cells, it has been reported in recent years that they are likely of melanocytic origin (Rae et al., 2007) . Despite their origin, it is clear that LCC6 cells form spontaneous lung metastases after injection into the mammary fat pad of mice and are a useful model of metastasis. Using a similar dominantnegative IGF1R approach, it has been also reported that colon cancer cells expressing dominant-negative IGF1R fail to form liver metastases following splenic or direct injection into the liver of mice (Reinmuth et al., 2002) . Furthermore, in a transgenic mouse model of pancreatic islet cell tumorigenesis, RIP1-Tag2 mice expressing high levels of IGF1R exhibit increased invasive carcinomas and lymph node metastases (Lopez and Hanahan, 2002) . In contrast, in prostate cancer cells, it has been reported that IGF1R levels are decreased during progression and metastasis of prostate cancer cells (Plymate et al., 1997 (Plymate et al., , 2004 . On the basis of these results, the data support an important function for IGF1R in cancer metastasis.
Although dominant-negative constructs are suitable for studying the function of IGF1R in these model systems, they are difficult to translate into an anti-IGF1R therapy. Along with others, we have shown that inhibition of IGF1R with the mouse monoclonal antibody, EM164, retards the xenograft growth of multiple types of cancer cells (Maloney et al., 2003; Sachdev et al., 2006) ; however, these reports did not examine the effect of IGF1R on metastatic dispersal from the primary tumor site. The aim of this study was to determine the effect of inhibiting IGF1R using a therapeutic approach using the antibody EM164 and its humanized version, AVE1642. Our data show that IGF1R signaling is not required for growth in the mammary fat pad but is necessary for metastasis in a model of high-risk cancer. Thus, blockade of IGF1R inhibits the metastatic phenotype independently of tumor growth.
Results

EM164 inhibits signaling by IGF1R in LCC6 cells but does not affect proliferation in vitro
We have previously shown that expression of a C-terminally truncated IGF1R construct in LCC6 cells behaves in a dominant-negative manner and inhibits signaling by IGFIR in cancer cells (Sachdev et al., 2004) . To determine if a blocking monoclonal antibody against IGF1R had similar effects to the dominant-negative construct, we pretreated LCC6-WT cells with EM164 (120 nM) or the humanized version, AVE1642 (120 nM), for 15 min before stimulation with 5 nM IGF-I or 10 nM IGF-II. Phosphorylation of IRS was used as a readout for signaling by IGF1R. IGF-I and IGF-II phosphorylated IRS and activated the phosphatidylinositol 3-kinase pathway in LCC6-WT cells as assayed by an anti-phosphotyrosine immunoblot for activation of the adaptor proteins IRS-1 and IRS-2 and phosphorylation of Akt (Figure 1a upper panels, lanes 2 and 3) . In these cells, we have previously shown that IGF-I treatment resulted in both IRS-1 and IRS-2 phosphorylation. Treatment with EM164 inhibited IGF-I-and IGF-IIstimulated activation of IRS proteins and phosphorylation of Akt (lanes 5 and 6). Levels of total Akt were unchanged (third panel). Similar results were seen with AVE1642, the humanized version of EM164 (Figure 1a , lanes 8 and 9). In LCC6-WT cells, extracellular signalregulated kinase 1/2 (ERK1/2) of the MAPK module are constitutively active. Phosphorylation of ERK1/2 was unaffected by treatment with any of the reagents ( Figure 1a , second from bottom panel).
Along with others, we have previously shown that a major mechanism of action of antibodies against IGF1R is receptor downregulation (Maloney et al., 2003; Sachdev et al., 2003; Cohen et al., 2005) . Consistent with this observation, 24-h treatment with EM164 or AVE1642 downregulated IGF1R levels in LCC6-WT cells (Figure 1b , lanes 8 and 9) compared with no treatment or 24-h treatment with IGF-I or a control Ab (lanes 6, 7 and 10). Thus, EM164 and AVE1642 inhibited biochemical pathways activated by IGF1R and downregulated receptor.
In LCC6-WT cells, both IGF-I and insulin treatment activated IGF1R as measured by total phosphotyrosine immunoblotting ( Figures 1a and 1c , lane 2). LCC6-DN cells overexpressing truncated IGF1R also inhibited the ability of insulin to phosphorylate IRS (Figure 1c, , indicating that the effect of dominant-negative IGF1R may also be due to inhibition of hybrid receptors and/or insulin receptor signaling. Similarly, we have shown that antibodies against IGF1R also may inhibit insulin signaling following prolonged treatment (Sachdev et al., 2006) .
We have previously shown that inhibition of IGF1R in LCC6 cells does not affect in vitro proliferation because these cells do not depend on IGF-I for proliferation (Sachdev et al., 2004) . In this study, LCC6-WT cell proliferation was also not affected by IGF-II or insulin (Figure 2 ). Similar to LCC6-DN cells, blockade of IGF1R by EM164 did not affect basal growth in serum in vitro (Figure 2 ).
EM164 does not inhibit xenograft growth of LCC6 cells
We next determined the effect of EM164 on xenograft growth of LCC6-WT cells. LCC6-WT cells (5 Â 10 6 ) were injected into the second mammary fat pad of female athymic mice as described previously (Sachdev et al., 2003) . Mice were randomized to receive 0.9% NaCl, EM164 or scFv-Fc, another antibody against IGF1R (Li et al., 2000; Sachdev et al., 2003) starting on day 3 after inoculation of cells. Neither EM164 nor IGF1R regulates metastasis independent of primary tumor growth D Sachdev et al scFv-Fc had an effect on the xenograft growth of LCC6-WT cells (Figure 3a ). IGF1R levels were downregulated in LCC6-WT tumors harvested from mice treated with EM164 compared with tumors treated with 0.9% NaCl (Figure 3b ). Furthermore, EM164 inhibited IGF1R activation and phosphorylation of Akt in the tumor in response to bolus administration of IGF-I (data not shown). Thus, EM164 inhibited the biochemical pathways activated by IGF-I in vivo and downregulated IGF1R levels, but failed to inhibit xenograft growth of LCC6-WT cells.
EM164 inhibits pulmonary metastases
Because the antibodies against IGF1R failed to inhibit tumor growth (Figure 3a) , we next examined the effect of EM164 on pulmonary metastases of LCC6-WT cells. LCC6-WT cells were injected into the mammary fat pad of mice and mice were treated with EM164 or an isotype-matched control antibody beginning on day 3. Tumors were resected when the volumes were B300 mm 3 and the mice were followed for another 37-38 days. At the end of this time period, lungs were harvested, fixed in formalin and analyzed for macroscopic metastases. Representative photographs of lungs from mice bearing LCC6-WT tumors that were treated with EM164 or the control antibody are shown in Figure 4 . Lungs from mice treated with the control antibody had abundant well-circumscribed pulmonary nodules, whereas lungs from mice treated with EM164 had no visible macroscopic pulmonary nodules and only two had microscopic metastatic deposits (Figure 4 , table). 
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Disruption of IGF1R signaling inhibits circulating tumor cells
To form metastases at a distant site, cancer cells must acquire the ability to invade the basement membrane, intravasate into blood or lymphatic vessels, survive in the harsh environment in the circulation, extravasate into a distant site and finally colonize a distant organ. Because both dominant-negative IGF1R and EM164 inhibited pulmonary metastases, we next determined the effect of inhibition of IGF1R on circulating tumor cells (CTC) as a measure of tumor cell intravasation. To measure CTC, we collected blood before euthanizing mice, mixed it with heparin, and separated the buffy coat using Ficoll-Paque centrifugation as described (Boyum, 1964) . The recovered nucleated cells were mixed with agar at a concentration of 0.5% and overlaid on 0.8% bottom agar. Only tumor cells form colonies under these conditions as blood mononuclear cells do not. Photographs of colonies in soft agar were taken at day 4. All of the mice bearing LCC6-WT tumors had abundant colony growth reflective of CTC, but in striking contrast, none of the mice with LCC6-DN tumors had any colonies ( Figure 5a ). Similarly, mice bearing LCC6-WT tumors treated with an isotypematched control antibody had abundant CTC in their blood, whereas mice bearing LCC6-WT tumors treated with EM164 (800 mg) every 3 days had a striking inhibition of detectable CTC (Figure 5b ). Numerous macroscopic and microscopic metastases were evident in hematoxylin and eosin (H&E)-stained sections from lungs of all mice bearing LCC6-WT tumors treated with the control Ab; however, micrometastases were infrequently seen in the lungs of mice treated with EM164 ( Figure 5c ).
These results are in agreement with the data described in Figure 4 , in which pulmonary nodules were seen in mice with LCC6-WT tumors treated with a control antibody but not in EM164-treated mice. Although it is possible that the sensitivity of this assay prevented us from detecting very small numbers of CTC, it is clear that inhibition of IGF1R resulted in a striking decrease in the number of CTC. These results suggest that IGF1R is required for the metastatic process. Because IGF1R inhibition affected the number of CTC, our data suggest that invasion across the basement membrane, intravasation into the vasculature or survival in the circulation requires functional IGF1R signaling.
Disruption of IGF1R inhibits invasion across Matrigel in vitro
To determine the mechanism by which IGF1R disruption inhibits metastasis and CTC, we next examined IGF1R-regulated invasion in vitro. ) in 60 ml of phenol-red-free IMEM were injected into the mammary fat pad of 4-to 5-week-old female athymic mice. On day 3 following injection of cells, mice were treated with either 0.9% NaCl, 500 mg of scFv-Fc or 800 mg of EM164 every 3 days. Tumor growth was measured every 3 days and tumor volume calculated using the formula length Â breadth 2 /2. Tumor growth is represented as tumor volume in mm 3 versus days. Neither scFv-Fc nor EM164 inhibit xenograft growth of LCC6-WT tumors. Experiment was repeated three times with similar results and a representative one is shown. (b) At the end of the experiment in a, tumors were harvested, snap frozen in liquid nitrogen and homogenized. Tumor extracts were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotted for IGF1R levels. Levels of total MAPK were used as loading control. EM164 downregulates IGF1R levels in the tumors. On day 3 after injection of cells, mice were treated with either an isotype-matched control antibody (n ¼ 10) or 800 mg of EM164 (n ¼ 10) every 3 days. Tumors were resected surgically when they reached a volume of B300 mm 3 , which usually occurred between days 17 and 19. Mice were then treated for another 36-37 days. At day 55-57 after injection of cells, mice were euthanized, lungs harvested and fixed in 10% neutral buffered formalin. Photographs are representative of lungs from a mouse with LCC6-WT tumors treated with an isotypematched control antibody (left) or EM164 (right). The table summarizes the number of mice with macroscopic and microscopic pulmonary nodules. Lungs from mice bearing LCC6-WT tumors treated with a control antibody have abundant well-circumscribed pulmonary nodules whereas lungs from mice with LCC6-WT tumors that were treated with EM164 have no visible macroscopic pulmonary nodules.
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Disruption of IGF1R inhibits colonization in the lungs
To determine if IGF1R regulation of invasion was the only factor in the decreased metastases, we injected cells directly into the circulation through the tail vein to bypass the requirement for the cells to invade in vivo.
To confirm that cells injected into the tail vein reached the lungs by the circulation in all mice, we engineered LCC6-WT and LCC6-DN cells to express firefly luciferase (LCC6-WT/pFBLuc and LCC6-DN/pFBLuc, respectively) and injected them into the tail vein of mice. (Figure 8a) . Analyses of metastatic lesions in H&E-stained lung sections revealed fewer and smaller pulmonary nodules in mice injected with LCC6-DN cells (Figure 8b) . Similarly, mice injected with LCC6-WT cells and treated with AVE1642 every 3 days had fewer macroscopic and microscopic lung nodules (Figures 9a and b) compared with untreated mice. Thus, therapeutic inhibition of IGF1R with AVE1642 also inhibited colonization of lungs after direct injection into the circulation. This result could be due to decreased cell survival in the circulation or impaired colonization of the lungs.
Inhibition of IGF1R enhances sensitivity of cancer cells to apoptotic stimuli To determine if functional IGF1R was necessary for survival, we next assessed if inhibition of IGF1R rendered LCC6 cells more susceptible to apoptosis. LCC6-WT and LCC6-DN cells were treated with increasing concentrations of doxorubicin and the number of cells was measured 48 h later. LCC6-DN cells were more sensitive to doxorubicin at lower concentrations compared with LCC6-WT cells (Figure 10a) . Furthermore, LCC6-DN (Figure 10b) or LCC6-WT cells treated with EM164 (Figure 10c ) resulted in increased apoptosis compared with untreated LCC6-WT cells as measured by cleavage of poly(ADP ribose) polymerase (PARP) 48 h after serum withdrawal. This result suggests that inhibition of IGF1R enhanced sensitivity to apoptotic stimuli in vitro. However, cells must survive in an anchorage-independent manner in the circulation; therefore, we next studied the effect of IGF1R inhibition on anoikis.
Inhibition of IGF1R enhances anoikis of LCC6 cells
To examine the effect of IGF1R inhibition on anoikis, we cultured cells on a layer of 0.9% agar over 48 h and viability was determined using Trypan blue exclusion. A greater loss of viability was seen in LCC6-DN cells compared with LCCT-WT cells at 24 h (Figure 11a) . Thus, LCC6-DN cells exhibited enhanced susceptibility to anoikis. IGF-I enhanced survival of LCC6-WT cells under anchorage-independent conditions in vitro and AVE1642 dramatically reversed IGF-I-enhanced survival of LCC6-WT cells (Figure 11b) . Thus, these results show that functional IGF1R signaling can increase survival of LCC6 cells in the circulation. The data described here, however, do not rule out the possibility that IGF1R may also be required for growth at the metastatic site. Ongoing studies are examining the 
Discussion
Metastasis is a highly inefficient process that requires the coordinated regulation of a series of complex processes with only a small percent of tumor cells acquiring the characteristics necessary to escape from the primary tumor and successfully colonize distant sites. We have used LCC6 cells as a model of high-risk metastatic disease. We have previously shown that a dominantnegative IGF1R inhibited pulmonary metastases of these cells without affecting growth of the primary tumor in the mammary fat pad of athymic mice (Sachdev et al., 2004) . Herein, we show that a therapeutic inhibition of IGF1R with an antibody against IGF1R also inhibited pulmonary metastases without affecting primary tumor growth (Figures 2 and 3) . EM164 downregulated IGF1R levels in the tumors (Figure 3b ) and also inhibited IGF-I-stimulated phosphorylation of IRS and downstream Akt, suggesting ) were injected into the tail vein of 4-to 5-week-old female athymic mice. Mice were randomized to no treatment (n ¼ 9) or AVE1642 (n ¼ 9) every 3 days beginning on day 2. At day 62, lungs for hematoxylin and eosin (H&E) staining were collected and analyzed as in This regulation of metastasis independent of tumor growth is not isolated to LCC6 cells only. Our in vitro data with other breast cancer cell lines showed similar findings. In MDA-MB231BO cells ), a metastatic variant of the MDA-MB231 breast cancer cells, we have shown that IGF-I does not stimulate proliferation but enhances motility in vitro (Jackson et al., 2001) . We have also shown that neutralization of IGF-I with IGF binding protein-1 inhibits IGF-Istimulated motility but not proliferation of MDA-MB231BO cells (Zhang and Yee, 2002) . Similarly in T47D-YA cells (a variant of T47D breast cancer cells), ectopic expression of the adaptor protein IRS-2 results in IGF-I-stimulated motility but not proliferation of the T47D-YA/IRS-2 cells (Byron et al., 2006) . Furthermore in T47D-YA/IRS-2 cells, inhibition of IGF1R with the antibody aIR3 inhibits motility in response to IGF-I (Byron et al., 2006) . In fact, this has also been observed by other groups in other types of cancers such as neuroblastomas (van Golen et al., 2006) . Thus, these results indicate that regulation of metastasis independently of tumor growth may be seen in a wide variety of cancers. This has important clinical implications for the development of therapies against IGF1R for clinical use as discussed later.
Various in vitro and in vivo models have suggested that activation of IGF1R regulates various steps in the metastatic cascade. In this study, we found that disruption of IGF1R inhibited invasion across Matrigel in vitro, suggesting that IGF1R regulates invasion of these cells. When IGF1R was inhibited, we observed no difference in the activity of metalloproteinases or expression of the chemokine receptor CXCR4 (data not shown) that has been shown to be important for organotropism of breast cancer metastasis to organs such as bones and lungs (Muller et al., 2001) . Furthermore, we show here that disruption of IGF1R either with a dominant-negative construct or EM164 significantly inhibited the presence of CTC in the blood of mice. Pulmonary metastases were also inhibited when IGF1R was disrupted following direct injection of cells into the circulation. Thus, our data suggest that functional IGF1R is required at multiple steps in the metastatic process including cell invasion and survival in the circulation.
How does IGF1R regulate metastasis independently of tumor growth? One possibility is that functional IGF1R is essential for survival in the circulation as discussed earlier. This is supported by evidence showing that indeed IGF1R is essential for anchorage-independent survival once cells are free of adhesion to the extracellular matrix (ECM) in vitro (Valentinis et al., 1999; Baserga, 2005) . Further, activation of IGF1R has been shown to mediate resistance to anoikis or enhance survival in the absence of attachment to ECM in cancer cells (Ravid et al., 2005) . Thus, surviving in the circulation or at a secondary site is one of the critical steps in the metastatic cascade as tumor cells are subjected to some of the harshest environment in the host in the circulation (Townson et al., 2003) . In addition, our data do not rule out the possibility that functional IGF1R is a critical growth regulator at a secondary site or is required to co-opt other signals promoting tumor cell survival in the lungs. Indeed, a key regulator of metastasis is the regulation of growth of tumor cells at the secondary site (Chambers et al., 2002) .
Work from several groups has shown that there is a mutually sustaining reciprocity between tumor epithelial cells and their surrounding stroma (Gupta and Massague, 2006) . Many of the genes that comprise metastasis signatures have included genes expressed by the stroma (Allinen et al., 2004; Minn et al., 2005b) . As tumor cells invade across the basement membrane, they can initiate development of the reactive stroma, further propelling metastasis (Radisky and Radisky, 2007) . Thus, it has IGF1R regulates metastasis independent of primary tumor growth D Sachdev et al become increasingly clear that the microenvironment influences the invasion and metastasis of tumor cells and that the local microenvironment impacts tumor cells as they escape. Our data suggest that disruption of IGF1R does not affect tumor growth of LCC6 cells in the mammary fat pad of mice. Perhaps this is because in the mammary fat pad of the mouse, the microenvironment provides the necessary signals for growth, and IGF1R is not needed in this pathway. In contrast, LCC6 cells need functional IGF1R for survival in the circulation and colonization of metastatic sites. Thus, it is probable that the microenvironment at the metastatic site in the lungs is insufficient to provide all the cues needed for successful establishment of metastatic growth in the lungs. Although we have only studied metastatic growth in the lungs, it is possible that IGF1R also regulates growth in the bone microenvironment. However, it has been shown that only six genes are shared in common between the bone metastasis signature (Kang et al., 2003; Minn et al., 2005b) and lung metastasis signature of breast cancer cells (Gupta et al., 2005; Minn et al., 2005a) . Therefore, it is possible that our results are specific for metastasis to the lungs. Ongoing studies are examining differential expression of genes in LCC6 cells without and with disruption of IGF1R that may further provide a better insight into how IGF1R regulates metastasis independent of tumor growth.
Recently, the notion of self-seeding has been postulated to explain metastasis where CTC return to the primary site to enhance growth (Norton and Massague, 2006) . As a result, increased growth of the primary tumor is accompanied by decreased metastases at distant sites. Our data argue against this model; disruption of IGF1R did not affect 'primary' tumor growth but effectively reduced metastases. Thus, it seems unlikely that self-seeding was responsible for the growth of these cells in the mammary fat pad.
Our results have important implications for the clinical development of IGF1R-targeted strategies. First, this metastatic phenotype regulated by IGF1R will be difficult to measure in clinical trials. Second, biochemical inhibition of the target does not automatically lead to inhibition of tumor growth. Inhibition of IGF1R kinase activity is an important biodynamic marker, but may not be linked to a clinical outcome measured in a phase II drug study. Thus, suitable biomarkers need to be developed to identify tumors responsive to anti-IGF1R therapy. We have previously shown that IRS-1 activation is associated with proliferation of cancer cells (Jackson et al., 1998) , whereas IRS-2 is associated with motility of breast cancer cells (Jackson et al., 2001 ). These observations have also been confirmed in vivo by studies showing that IRS-2 null animals, but not IRS-1 null animals, have significantly decreased incidence of metastasis compared with wildtype mice expressing polyomavirus middle T antigen in the mammary gland (Nagle et al., 2004; Gibson et al., 2007) . This suggests that one biomarker could be expression of phosphorylated IRS-1 compared to IRS-2. However, it has recently also been shown that both IRS-1 and IRS-2 overexpression can lead to metastasis (Dearth et al., 2006) . Perhaps the identification of an 'IGF1R-driven metastasis signature' would be useful in identifying and monitoring patients who could benefit from IGF1R-targeted therapy for inhibition of metastatic disease and we are currently investigating this.
In this study, we show that IGF1R regulates metastasis independently of tumor growth. As such, our study has several important implications for clinical trials with agents targeting IGF1R. Clinical trials of this therapeutic strategy may need to adjust their endpoints IGF1R regulates metastasis independent of primary tumor growth D Sachdev et al for assessing benefit by taking into account that inhibition of IGF1R signaling may inhibit metastasis but not primary tumor growth.
Materials and methods
Materials
All reagents and chemicals were purchased from Sigma (St Louis, MO, USA) and cell culture reagents were purchased from Invitrogen/Life Technologies (Rockville, MD, USA) unless otherwise noted. IGF-I and IGF-II were purchased from Novozymes GroPep (Thebarton, Australia). Human insulin was from Eli Lilly (Indianapolis, IN, USA). The antibody against the b-subunit of IGF1R (IGF1Rb) was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Antiphosphotyrosine antibody conjugated to horseradish peroxidase (HRP) was from BD Transduction Laboratories (Lexington, KY, USA). Antibodies against p44/p42 ERK 1/2 (phospho-specific and total) and Akt (phospho-specific and total) were purchased from Cell Signaling (Beverly, MA, USA). The antibody against PARP was from Roche (Indianapolis, IN, USA). Anti-rabbit secondary antibodies conjugated to HRP were from GE Biosciences (Piscataway, NJ, USA). Heparin was obtained from Hospira Inc. (Lake Forest, IL, USA) and Ficoll-Paque was purchased from Gallard-Schlesinger (Carle Place, NY, USA). SeaPlaque agar was obtained from Lonza Biologics (Rockland, ME, USA). scFv-Fc was purified as described previously (Li et al., 2000) . EM164 was obtained from ImmunoGen Inc. (Cambridge, MA, USA) and the humanized version AVE1642 was obtained from sanofi-aventis (Antony, France).
Cell stimulation
Cells were grown in 6 cm dishes in regular growth medium. Cells at 70% confluence were washed two times with phosphate-buffered saline (PBS) and serum deprived for 24 h in serum-free media (SFM) as described previously (Jackson et al., 1998) . For treatment, medium was replaced with SFM containing either 5 nM IGF-I, 10 nM IGF-II for 10 min or 20 nM insulin for 5 min. To determine if EM164 inhibited IGF-I-or IGF-II-mediated activation of IGF1R or other downstream pathways, we first pretreated cells with antibodies for 15 min and then with the various ligands for additional 10 min. To determine the effect of the antibodies on IGF1R levels, cells were untreated or treated with the different antibodies for 15 min or 24 h.
Cell lysis
Cells were washed three times with ice-cold PBS on ice and lysed with 300 ml/6 cm dish lysis buffer TNESV (50 mM Tris-Cl (pH 7.4), 1% NP-40, 2 mM EDTA (pH 8.0), 100 mM NaCl, 10 mM Na orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 20 mg/ml leupeptin and 20 mg/ml aprotinin).
Immunoblotting Cellular proteins (40 mg) were subjected to reducing SDSpolyacrylamide gel electrophoresis (PAGE) on 8% polyacrylamide gels following the Laemmli system (Laemmli, 1970) . After SDS-PAGE, proteins were transferred to nitrocellulose membrane and immunoblotting performed. For detecting phosphorylated proteins, membranes were incubated with 1:2000 dilution of PY20-HRP anti-phosphotyrosine antibody in TBST for 1 h at room temperature. Chemiluminescence was carried out using SuperSignal West Pico substrate (Pierce, Rockford, IL, USA). IGF1Rb, phospho-Akt (Ser473), total Akt, phospho-p44/p42 ERK 1/2 (Thr202/Tyr204) and total p44/p42 ERK 1/2 antibodies were used as per manufacturer's instructions. The polyclonal antibody against PARP was used at 1:2000 dilution.
Proliferation assays
Cells were plated in 24-well plates with 10 000 cells per well in regular growth medium. Cells were switched to SFM for 24 h and then treated as indicated in the figure legends. All treatments were carried out in quadruplicate. Growth was measured 4-5 days after treatment by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as described previously (Twentyman and Luscombe, 1987) .
Invasion assay
Invasion was determined using the Boyden chamber assay as described previously (Jackson et al., 2001) with the exception that the membrane was coated with Matrigel to allow the ability of cells to invade through Matrigel to be assayed. The number of cells invading to the bottom of the membrane was counted in three random fields using a grid in the eyepiece of the microscope.
Apoptosis assay
The susceptibility of cells to apoptosis in vitro was measured by cleavage of PARP in response to serum withdrawal using an antibody that recognizes both the full-length and cleaved PARP.
Anoikis assay
Anoikis was measured by growth on 0.9% agar. Cells (100 000) in medium with 0.5% fetal bovine serum (FBS) were plated on top of agar solidified in the bottom of six-well plates. At the times indicated in the figure, cell numbers were counted using Trypan blue exclusion. The data are represented as mean±s.e.m. of triplicate samples.
Xenograft growth
All animal protocols were approved by the University of Minnesota Institutional Animal Care and Use Committee. LCC6-WT or LCC6-DN cells (5 Â 10 6 ) were injected into the mammary fat pad of 4-to 5-week-old female athymic mice. Three days after injection of cells, mice with LCC6-WT cells were treated with 0.9% NaCl, EM164, or scFv-Fc every 3 days. Tumor growth was measured bidirectionally. Tumor volumes were calculated using the formula length Â breadth 2 /2.
Metastasis models
Metastasis was investigated using two different models. The first model used was described by us previously (Sachdev et al., 2004) . Briefly, xenograft tumors were grown in the second mammary fat pad of athymic female mice; the tumors were surgically resected when the volumes were B300 mm 3 (between days 17 and 19 after injection of cells). Mice were then euthanized between days 55 and 57, and the lungs examined macroscopically.
The second model of metastasis used was the tail vein injection model. To visualize cells following tail vein injection, we engineered LCC6-WT and LCC6-DN cells to express luciferase using retroviral infection. LCC6-WT/pFBLuc or LCC6-DN/pFBLuc cells (1 Â 10 5 ) were injected into the tail vein and metastases were monitored every 7-10 days by noninvasive bioluminescence imaging (BLI).
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To measure the ability of cells to colonize the lungs following direct injection into the circulation, we injected 1 Â 10 6 cells into the tail vein of 5-to 6-week-old female athymic mice. At approximately day 60-62 after cells were injected, the mice were euthanized and lungs analyzed macroscopically and microscopically for metastases.
BLI and analyses of metastases
For BLI, mice were anesthetized and injected intraperitoneally with 150 mg/kg of D-luciferin in PBS. Bioluminescence images were acquired with the IVIS Imaging System (Caliper Life Sciences, Mountain View, CA, USA) 10 min after injection of luciferin. Images were acquired for 60 s. Metastases were visualized using Living Image software (Caliper Life Sciences) by measuring the photon flux in photons/s/cm 2 /steradian. For histological analyses of metastases, lungs were harvested, fixed in 10% neutral buffered formalin, paraffin embedded, sectioned and stained with H&E. Metastatic lesions were quantified by averaging the number of pulmonary nodules in six serial sections per mouse in all mice in the experiments.
Detection of circulating tumor cells
At the end of the experiment, mice were anesthetized and blood collected by cardiac puncture. Blood elements and tumor cells were isolated by density centrifugation using Ficoll-Paque. Blood (1 ml) was diluted with 2 ml DMEM þ 5% FBS, overlaid gently on a 3 ml cushion of Ficoll-Paque, and centrifuged at 1200 r.p.m. for 30 min with the brakes off. The buffy coat with cells was collected and washed once with DMEM þ 5% FBS. The cell pellet was resuspended in 0.3 ml media, mixed with 0.5 ml of 0.8% agarose and plated on a bottom layer of 0.8% agar solidified in the bottom of a six-well plate. Colonies were photographed after 4-5 days.
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